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PREFACE 


This  report  was  prepared  by  Dr.  Timothy  D.  Stark,  Assistant  Professor  of  Civil  Engineering  at 
the  University  of  Illinois  at  Urbana-Champaign.  The  research  was  conducted  at  San  Diego 
State  University  (SDSU)  under  Contract  No.  DACW39-90-M-2087  with  the  US  Army 
Engineer  Waterways  Experiment  Station  (WES)  during  Dr.  Stark’s  tenure  at  SDSU.  Mr. 
Joseph  J.  Vettel  and  Mr.  Steven  M.  Fitzwilliam,  Research  Assistants  at  San  Diego  State 
University,  performed  the  triaxial  tests  described  in  this  report  under  the  supervision  of  Dr. 
Stark.  Dr.  Robert  M.  Ebeling,  Research  Civil  Eng  neer,  Computer-Aided  Engineering 
Division,  Information  Technology  Laboratory  (ITL),  WES,  supervised  and  monitored  the 
research.  Dr.  Ebeling  and  Dr.  John  F.  Peters,  Research  Civil  Engineer,  Geotechnical 
Laboratory,  WES,  also  provided  technical  guidance  and  review  on  the  project  under  the 
general  supervision  of  Mr.  Reed  Mosher,  Research  Civil  Engineer,  Computer-Aided 
Engineering  Division,  ITL,  and  Dr.  N.  Radhakrishnan,  Chief,  ITL. 


The  Commander  and  Director  of  WES  was  COL  Larry  B.  Fulton,  EN.  Technical  Director 
was  Dr.  Robert  W.  Whalin.  - — .. 
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CONVERSION  FACTORS,  NON-SI  TO  SI  (METRIC)  UNITS  OF  MEASUREMENT 

Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI  (metric)  units  as 
follows: 


Multiply 

By 

To  Obtain 

feet 

0.3048 

metres 

inches 

2.54 

centimetres 

inches 

0.0254 

metres 

pounds 

4.4822 

newtons 

tons 

8.896 

kilonewtons 

pounds  per  square  foot 

47.8803 

pascals 

pounds  per  square  foot 

0.04788 

kilopascals 

pounds  per  square  inch 

6.8948 

kilopascals 

tons  per  square  foot 

95.76 

kilopascals 

tens  per  square  foot 

0.976 

kg/cm2 

PARTI:  INTRODUCTION 


Background 

1.  The  finite  element  method  provides  a  powerful  technique  for  the  analysis  of 
stresses  and  movements  in  earth  masses,  and  it  has  been  applied  to  a  variety  of  soil- 
structure  interaction  problems.  The  results  of  soil  stress-deformation  analyses  are 
controlled  by  the  stress-strain  characteristics  of  the  soil  being  modeled.  Modeling  the 
stress-strain  characteristics  of  soils  is  extremely  complex,  because  the  behavior  of  soil  is 
nonlinear,  inelastic,  and  highly  dependent  on  the  magnitudes  of  the  stresses  in  ihe  soil. 

2.  The  hyperbolic  stress-strain  relationships,  developed  by  Duncan  and  Chang, 
(1970),  provide  a  simple  model  which  encompasses  the  most  important  characteristics  of 
soil  stress-strain  behavior,  using  data  from  conventional  laboratory  tests.  Due  to  its 
simplicity,  applicability  to  drained  and  undrained  problems,  and  the  availability  of  a 
database  of  hyperbolic  stress-strain  parameters,  the  hyperbolic  model  is  frequently  used  in 
soil-structure  interaction  problems.  The  model  has  been  successfully  applied  to 
embankment  dams  (Duncan  et  al.  1982),  open  excavations  (Chang  1969),  retaining  walls 
(Duncan,  Clough  and  Hbeling  1990),  braced  excavations  (Mana  and  Clough  1981),  lock  and 
dam  structures  (Clough  and  Duncan  1969).  and  a  variety  of  soil-structure  interaction 
problems,  such  as  compaction  induced  earth  pressures  (Seed  and  Duncan  1986). 

3.  The  database  of  drained  and  undrained  hyperbolic  parameters  for 
approximately  135  different  soils  was  assembled  by  Duncan  et  al.  (1978  and  1980)  and  has 
been  extremely  useful  for: 

a. )  judging  the  reliability  of  parameter  values  determined  from  laboratory  test  data, 

b. )  determining  the  effects  of  various  factors  which  influence  the  values  of  the 

parameters,  and 

c. )  estimating  values  of  the  parameters  when  insufficient  data  are  available  for  their 

determination. 

4.  The  soil  types  included  in  the  database  range  from  clays  to  gravels.  However, 
hyperbolic  parameters  and  shear  strength  parameters  for  silts  and  clayey-silts  have  not 
been  adequately  defined  in  the  database  or  the  professional  literature.  As  a  result,  the 
summary  table  presented  by  Durban  et  al.,  (1978),  see  Table  1,  does  not  include  hyperbolic 
or  shear  strength  parameters  for  silts  or  clayey-silts. 
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Table  1  -  Summary  of  Hyperbolic  Stress-Strain  Parameters  (from  Duncan  et  al.,  1978) 


Unified 

Soil 

Classifi¬ 

cation 

RC 

Stand. 

AASHTO 

^  m 

k/ft3 

^0(A^) 

degrees 

k/ft2 

k 

n 

Rf 

kb 

m 

105% 

0.150 

42  (9) 

0 

600 

0.4 

0.7 

175 

0.2 

100 

0.145 

39  (7) 

0 

450 

0.4 

0.7 

125 

0.2 

GW,  GP 

SW  &  SP 

95 

0.140 

36  (5) 

0 

300 

0.4 

0.7 

75 

0.2 

90 

0.135 

33  (3) 

0 

200 

0.4 

0.7 

50 

0.2 

100% 

0.135 

36  (8) 

0 

600 

0.25 

0.7 

450 

0.0 

95 

0.130 

34  (6) 

0 

450 

0.25 

0.7 

350 

0.0 

SM 

90 

0.125 

32  (4) 

0 

300 

0.25 

0.7 

250 

0.0 

85 

0.120 

30  (2) 

0 

150 

0.25 

0.7 

150 

0.0 

100% 

0.135 

33  (0) 

0.5 

400 

0.6 

0.7 

200 

0.5 

95 

0.130 

33  (0) 

0.5 

200 

0.6 

0.7 

100 

0.5 

SM-bC 

Q0 

0.125 

33  (0) 

0.3 

150 

0.6 

0.7 

75 

0.5 

85 

0.120 

33  (0) 

0.2 

100 

0.6 

0.7 

50 

0.5 

100% 

0.135 

30  (0) 

0.4 

150 

0.45 

0.7 

140 

0.2 

95 

0.130 

30  (0) 

0.3 

120 

0.45 

0.7 

110 

0.2 

CL 

90 

0.125 

30  (0) 

0.2 

90 

0.45 

0.7 

80 

0.2 

85 

0.120 

30  (0) 

0.1 

60 

0.45 

0.7 

50 

0.2 

h 


Purpose  and  Scope 

5.  Due  to  the  limited  information  available  on  the  hyperbolic  and  shear  strength 
parameters  of  silts,  the  main  objectives  of  this  research  are  to: 

a. )  characterize  the  drained  and  undrained  stress-strain  behavior  of  normally 

consolidated  silts  and  clayey-silts  at  various  densities  or  relative  compactions, 

b. )  characterize  the  drained  and  undrained  shear  behavior  of  normally  consolidated 

silts  with  varying  percentages  of  clay, 

c. )  determine  the  appropriate  hyperbolic  stress-strain  and  Mohr-Coulomb  strength 

parameters  for  normally  consolidated  silts  with  varying  percentages  of  clay,  and 

d. )  evaluate  the  effect  of  clay  mineralogy  on  the  drained  stress-strain  behavior  of 

normally  consolidated  silts  and  clayey-silts. 

6.  The  resulting  information  on  the  behavior  of  normally  consolidated  silts  was  used 
to  develop  a  database  of  hyperbolic  stress-strain  and  Mohr-Coulomb  strength  parameters 
for  silts  and  clayey-silts.  The  database  contains  both  drained  and  undrained  parameters  for 
a  variety  of  initial  densities  and  water  contents.  Table  2  presents  a  summary  of  the  116 
triaxial  tests  that  were  performed  to  achieve  these  objectives. 


PART  II:  HYPERBOLIC  STRESS-STRAIN  MODEL 


Stiffness  Parameters 

7.  Duncan  et  al.  (1980)  provide  an  extensive  derivation  of  the  hyperbolic  model  and 
a  detailed  procedure  for  determining  the  values  of  the  hyperbolic  stress-strain  parameters 
from  conventional  triaxial  tests.  As  a  result,  only  the  major  features  of  the  model  will  be 
described  in  this  introduction  in  order  to  define  the  various  hyperbolic  stress-strain 
parameters. 

8.  The  hyperbolic  model  represents  the  nonlinear  stress-strain  curve  of  soils  using  a 
hyperbola  as  shown  in  Figure  1.  It  can  be  seen  that  transforming  the  hyperbolic  equation 
results  in  a  linear  relationship  between  £  /(a'^  -  cr’3)  and  t,  where  £  is  the  axial  strain  and 

-  a’3)  is  the  effective  deviator  stress.  The  stress  dependent  stress-strain  behavior  of 
soil  is  represented  by  varying  the  initial  tangent  modulus,  Ej,  and  the  ultimate  deviator 
stress,  -  <r’3)ujt,  with  the  effective  confining  pressure,  a'y  It  can  be  seen  from  Figure  1 
that  the  ultimate  deviator  stress  is  the  asymptotic  value  of  the  deviator  stress  and  is  related 
to  the  compressive  strength  of  the  soil.  The  variation  of  the  initial  tangent  modulus  with 
confining  pressure  is  represented  by  an  empirical  equation  proposed  by  Janbu  (1963): 

a'  n 

ErKPa(J)  (l) 

^a 

where  K  is  the  modulus  number,  n  is  the  modulus  exponent,  and  pa  is  the  atmospheric 
pressure  in  the  same  units  asa’3  and  E;. 

9.  The  variation  of  Ej  with  cr’3  is  linear  when  the  logarithm  of  (E;/pa)  and  (<f  3/pa) 
are  plotted  against  each  other.  The  modulus  number  equals  (Ej/pa)  at  a  value  of(a’3/pa) 
equal  to  one  and  n  is  the  slope  of  the  resulting  line. 

10.  The  variation  of  ultimate  deviator  stress  with  a’3  is  accounted  for  by  relating 

(o' i  -  a ’3)ujt  to  the  stress  difference  at  failure,  (a’ j  -  cr’3)f,  and  using  the  Mohr-Coulomb 
strength  equation  to  relate  (a’j  -  toa’3.  The  criteria  used  to  define  (cf j  -  a’3)f  is 

usually  the  maximum  deviator  stress.  However,  the  criteria  which  results  in  the  best 
approximation  of  the  actual  stress-strain  curve  should  be  used.  The  values  of  (a’ t  -  <f3)u[t 
andfc’j  -  (r’3)f  are  related  by: 
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Figure  1.  Hyperbolic  Representation  of  a  Stress-Strain  Curve 
(from  Duncan  et  al.  1980) 


10 


(a’i  -  <r’3)f  =  Rf  (o\  -  a’3)ult  (2) 

in  which  Rf  is  the  failure  ratio  as  shown  in  Figure  1.  The  value  of  Rf  is  always  less  than  or 
equal  to  1.0,  and  varies  from  0.5  to  0.9  for  most  soils.  The  variation  of  -  a  3)f  with  a’3 
can  be  expressed  ^s  follows  using  the  Mohr-Coulomb  strength  equation: 


(<r’l  -  tf’3)f  = 


2c’costf’  +  2<7’3sin^’ 
1  -  sin  <t>' 


(3) 


in  which  c’  and  <f> ’  are  the  effective  stress  Mohr-Coulomb  cohesion  intercept  and  friction 
angle,  respectively. 


11.  By  differentiating  the  equation  of  a  hyperbola  shown  in  Figure  1  with  respect  to 
the  axial  strain  and  substituting  the  expression  into  Equations  (1),  (2)  and  (3),  an 
expression  for  the  tangent  modulus,  Et,  can  be  obtained: 


Rf  (1  -  sin  ^’)  (g’,  -  q*3)  2  _g\ 

2c’cos^’  +  2<y,3sin^’  a  pa 


(4) 


12.  This  equation  can  be  used  to  calculate  the  value  of  Et  for  any  stress  condition  if 
the  hyperbolic  parameters  K,  n,  and  Rf  and  the  Mohr-Coulomb  shear  strength  parameters, 
c’  andtf’,  are  known. 


Volume  Change  Parameters 

13.  The  hyperbolic  stress-strain  model  accounts  for  the  nonlinear  volume  change 
behavior  of  soils  by  assuming  that  the  bulk  modulus  is  independent  of  stress  level,  (a’j  - 
cr’3),  and  that  it  varies  with  confining  pressure.  The  variation  of  bulk  modulus,  B,  with 
confining  pressure  is  approximated  by  the  following  equation: 

o'  m 

B  -  Kb  pa  (  — L  )  (5) 

Pa 

where  is  the  bulk  modulus  number  and  m  is  the  bulk  modulus  exponent.  The  variation 
of  B  is  linear  when  the  logarithm  of  (B/pa)  and  (tr’j/pg)  are  plotted  against  each  other. 
The  bulk  modulus  number  equals  (B/pa)  at  a  value  of  (a’-^/Pa)  equal  to  one  and  m  is  the 
slope  of  the  resulting  line. 


PART  III:  LABORATORY  TESTING  PROGRAM 


Silt  Origin 

14.  The  main  objective  of  this  research  was  to  characterize  the  drained  and 
undrained  stress-strain  behavior  of  normally  consolidated  silts  and  clayey-silts.  To  achieve 
this  objective,  extensive  drained  and  undrained  triaxial  tests  had  to  be  conducted  on  silt 
with  varying  clay  contents.  As  a  result,  a  borrow  area  containing  pure  silt  or  a  silt  with  a 
very  low  clay  content  needed  to  be  located. 

15.  A  bluff  containing  Mississippi  loess  was  located  at  the  U.S.  Army  Engineers 
Waterways  Experiment  Station  (WES)  in  Vicksburg,  Mississippi.  The  location  of  the  bluff 
is  shown  on  the  information  map  of  WES  in  Figure  2.  The  loess  comprising  this  bluff 
contained  approximately  9  to  22%  clay  and  78  to  91%  silt.  The  percentage  of  clay  is 
defined  as  the  material  finer  than  0.002  mm.  It  was  anticipated  that  the  clay  content  could 
be  removed  from  the  loess  using  a  sedimentation  process  and  the  remaining  silt  could  be 
used  as  the  base  soil  for  the  proposed  testing. 

16.  The  Mississippi  loess  belt  is  approximately  70  to  120  miles  wide,  extending 
eastward  from  the  bluffs  along  the  Mississippi  River.  Generally  the  loess  is  less  than  10 
feet  thick  except  at  the  bluffs  where  it  is  up  to  100  feet  thick.  The  bluff  at  WES  where  the 
loess  samples  were  obtained  is  approximately  40  feet  high. 

17.  The  Mississippi  loess  deposits  were  created  by  westerly  winds  carrying  fine 
particles  from  the  Mississippi  River  alluvial  valley  to  its  eastern  uplands  where  it  was 
deposited.  This  deposition  occurred  during  the  late  Pleistocene  and  early  Recent  times. 

18.  Mississippi  loess  contains  mainly  silt  and  clay  size  particles.  It  can  be  seen  from 
the  scanning  electron  microscope  photograph  in  Figure  3  that  the  silt  particles  are 
subangular  to  subrounded.  The  loess  is  a  highly  structured  and/or  cemented  material.  In  its 
natural  state,  the  cementation  allows  the  loess  to  stand  at  a  vertical  slope.  The  mechanism 
for  the  cementation  is  not  known.  However,  the  clay  particles,  the  capillary  pore  pressure, 
and  the  carbonates  in  the  loess  are  believed  to  contribute  to  the  cementation  process. 

Silt  Sampling 

19.  In  mid-October,  1989,  Dr.  T.D.  Stark  of  San  Diego  State  University  (SDSU) 
and  Dr.  R.M.  Ebeling  of  WES  excavated  a  four-gallon  bucket  of  the  loess  from  the  bluff  at 


Figure  3.  Scanning  Electron  Microscope  Photograph  of  Silt  Particles 


WES  using  a  hand-held  shovel.  This  bucket  was  flown  back  to  San  Diego  State  University 
by  Dr.  Stark  to  investigate  the  feasibility  of  using  this  deposit  of  Mississippi  loess  as  the 
source  of  the  silt  material. 


20.  Hydrometer  analyses  revealed  that  the  clay  content  of  the  light-brown  loess  was 
approximately  9  to  11%.  Approximately  2  to  3%  of  the  loess  was  fine  sand,  shells,  and 
organics  particles  which  did  not  pass  the  No.  200  ASTM  sieve.  It  was  anticipated  that  the  9 
to  11%  clay  fraction  could  be  removed  using  a  sedimentation  process  which  is  described 
subsequently.  As  a  result,  thirty-three  additional  four-gallon  buckets  of  silt  were  shipped  to 
SDSU  by  WES.  However,  eighteen  of  the  buckets  contained  loess  with  a  clay  content  of  16 
to  22%  and  were  not  used  during  this  study.  Only  loess  containing  a  clay  fraction  of  9  to 
11%  were  used  to  facilitate  the  sedimentation  process.  Therefore,  a  total  of  sixteen 
buckets  or  approximately  800  lbs.  of  Mississippi  loess  containing  9  to  11%  silt  was  delivered 
to  SDSU  and  used  during  this  study. 


Silt  Processing 

21.  The  main  objective  of  the  processing  was  to  remove  most,  if  not  all,  of  the 
clay  particles  naturally  present  in  the  Mississippi  loess.  An  extensive  study  was  conducted 
to  determine  the  optimal  sedimentation  time  and  ratio  of  soil  to  water  which  resulted  in 
the  maximum  removal  of  the  clay  particles  and  the  minimum  removal  of  the  silt.  It  was 
found  that  8  pounds  of  soil  and  4  gallons  of  water  resulted  in  the  optimal  mix  for  the 
sedimentation  process.  After  vigorous  hand  agitation  each  mix  was  allowed  to  sediment  for 
10  minutes.  Shorter  settling  times  were  found  to  remove  more  clay,  however  there  was  also 
a  greater  loss  of  silt.  After  10  minutes  the  water  was  poured  or  decanted  from  the  bucket. 
Each  8  pound  sample  underwent  this  agitation,  sedimentation,  and  decanting  process  four 
times. 


22.  The  entire  processing  of  the  800  pounds  of  silt  required  100  -  eight  pound 
samples  undergoing  400  sedimentation/decant  cycles  and  approximately  1600  gallons  of 
deionized  water.  It  was  found  that  regular  tap  water  caused  the  clay  particles  to  flocculate 
and  settle  very  quickly.  Therefore,  deionized  water  was  used  because  it  did  not  flocculate 
the  clay  particles  which  allowed  the  clay  to  remain  suspended  during  the  sedimentation 
process.  The  processing  of  the  800  lbs  of  the  loess  took  approximately  ten  days. 

23.  After  four  sedimentation/decant  cycles  the  clay  fraction  of  the  loess  was 
reduced  to  approximately  1.0%  while  55  to  60%  of  the  silt  was  retained.  After  the 
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sedimentation  process  was  completed,  the  silt  was  air-dried.  As  the  silt  dried,  it  was  sieved 
through  the  No.  200  ASTM  sieve  to  remove  the  fine  sand,  shells  and  organics  present  in  the 
natural  loess.  After  sieving,  approximately  450  lbs  (56%)  of  the  original  800  lbs  of  the 
Mississippi  loess  remained.  All  of  the  processed  silt  was  combined  in  a  large  pile  and 
thoroughly  mixed  to  insure  a  uniform  sample.  Hydrometer  tests  were  performed,  in 
accordance  wrh  ASTM  Standard  D422  (ASTM  1990),  on  ten  test  specimens  which  were 
obtained  from  various  locations  in  the  pile.  The  clay  fraction  of  these  ten  specimens 
content  ranged  from  0.8  to  1.2%.  This  was  determined  to  be  an  acceptable  level  of  clay  for 
the  proposed  triaxial  tests.  During  the  addition  of  the  various  amounts  of  kaolinite  and 
montmorillonite,  this  1%  of  natural  clay  was  neglected. 

Sample  Preparation  and  Mixing 

24.  Sample  preparation  usually  affects  the  stress-strain  and  strength  behavior  of 
soils  and  thus  was  a  key  element  of  this  investigation.  Based  on  research  by  Lupini  et  al. 
(1981),  Mulilis  et  al.  (1977),  Seed  et  al.  (1964),  and  Skempton,  (1985),  the  silt  mixtures 
were  fabricated  using  a  dry  mixing  technique.  The  samples  were  composed  of  the 
processed  silt  and  the  following  clay  percentages:  0,  10,  30,  and  50.  These  percentages 
were  based  on  the  dry  weight  of  the  silt  and  clay. 

25.  The  dry  mixing  process  involved  carefully  weighing  out  the  proper  amounts  of 
silt  and  clay,  thoroughly  mixing  the  silt  and  clay  by  hand  in  a  four-gallon  bucket,  and  then 
adding  the  appropriate  amount  of  water.  The  dry  mixing  process  usually  involved  mixing 
approximately  10  to  15  pounds  of  silt  and  clay  at  one  time.  This  resulted  in  small  samples 
which  could  be  controlled  fairly  accurately.  The  deionized  water  was  applied  to  the  sample 
using  a  hand-operated  spray  bottle.  This  allowed  small  amounts  of  water  to  be  carefully 
added  to  the  mixture.  The  mixture  was  thoroughly  mixed  after  each  addition  or  spray  of 
water.  Any  clumps  of  soil  which  developed  during  mixing  were  forced  through  a  No.  10 
ASTM  sieve  to  facilitate  compaction  and  to  increase  the  uniformity  of  the  mix.  This 
somewhat  tedious  mixing  process  resulted  in  a  homogeneous  mixture. 

26.  To  characterize  the  effect  of  clay  mineralogy  on  the  stress-strain  and  strength 
behavior  of  silt,  two  different  clay  minerals  were  combined  with  the  processed  silt. 
Manufactured  kaolinite  and  montmorillonite  were  mixed  with  the  silt  to  obtain  samples 
representative  of  low  and  high  plasticity  silt.  The  manufactured  kaolinite  and 
montmorillonite  were  first  passed  through  a  No.  200  ASTM  sieve  and  then  mixed  with  the 
silt  to  obtain  the  clayey-silt  samples.  The  kaolinite  was  manufactured  by  NL  Products  of 
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Edgar,  Florida  and  is  shipped  in  50  pound  bags.  The  montmorillonite  is  a  product  of  M-l 
Drilling  Company  of  Houston,  Texas.  It  is  a  Wyoming  bentonite  and  is  shipped  in  100 
pound  bags.  Approximately  5%  of  both  the  kaolinite  and  montmorillonite  were  retained 
on  the  No.  200  ASTM  sieve  and  removed.  During  mixing  the  fact  that  the  natural  water 
content  of  both  products  was  approximately  6%  was  taken  into  account. 
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PART  IV:  INDEX  TESTING 
Classification  and  Compositional  Data 

27.  The  index  properties  of  the  various  silt  mixtures  are  shown  in  Table  3.  It  can 
be  seen  from  Table  3  that  the  Unified  Soil  Classification  System  (USCS)  Symbol  for  the 
various  kaolinite-silt  mixtures  ranged  from  ML  to  CL  The  gradation  curves  for  the  various 
kaolinite-silt  mixtures  are  shown  in  Figure  4.  It  can  be  seen  from  Figure  4  that  the  0% 
kaoliriite  sample,  i.e.  100%  processed  silt,  contained  approximately  1%  finer  than 
0.002mm.  The  10, 30,  and  50%  kaolinite  mixtures  contained  a  clay  fraction  (%<  0.002  mm) 
of  9,  19,  and  33%,  respectively.  The  index  properties  of  the  40%  kaolinite  mixture  were 
used  to  confirm  the  properties  of  the  30  and  50%  mixtures.  However,  triaxial  tests  were 
not  performed  on  the  40%  kaolinite  mixture. 

28.  The  addition  of  montmorillonite  instead  of  kaolinite  resulted  in  a  high  plasticity 
clay  with  a  USCS  symbol  of  CH  for  all  mixtures  (Table  3).  It  can  be  seen  from  Figure  5 
that  the  10,  30,  and  50%  montmorillonite  mixtures  contained  a  clay  fraction  of  11,  21,  39%, 
respectively.  The  specific  gravity  and  plasticity  tests  for  the  kaolinite  and  montmorillonite 
mixtures  were  performed  in  accordance  with  ASTM  (1990)  Standard  D854-83  and  D4318- 
84,  respectively.  The  grain  size  analyses  were  performed  using  hydrometer  analyses  in 
accordance  with  ASTM  (1990)  Standard  D422-63. 

Proctor  Compaction  Tests 

29.  To  study  the  effect  of  density  on  the  stress-strain  behavior  and  the  Mohr- 
Coulomb  strength  parameters,  the  silt  mixtures  were  tested  at  a  range  of  dry  densities.  The 
dry  densities  correspond  to  Standard  Proctor  relative  compactions  of  85,  90,  95,  and  100%. 
The  triaxial  test  specimens  were  compacted  at  the  optimum  water  content  for  each  of  these 
dry  densities  or  relative  compactions.  The  effect  of  density  could  also  have  been  studied  by 
varying  the  water  content  and  keeping  the  relative  compaction  constant.  From  Figure  6  it 
can  be  seen  that  a  dry  density  corresponding  to  95%  of  the  maximum  Standard  Proctor  dry 
density  can  be  obtained  using  a  compaction  water  content  of  w^  or  W2-  However, 
compacting  soils  at  water  contents  dry  of  optimum,  i.e.  wj,  will  result  in  a  flocculated  soil 
fabric  while  a  compaction  water  content  wet  of  optimum,  i.e.  W2,  will  result  in  a  disperse 
soil  structure.  Therefore,  a  decision  would  have  to  be  made  regarding  which  soil  fabric, 
flocculated  or  disperse,  should  be  used  if  the  relative  compaction  was  held  constant.  To 
simplify  the  effect  of  the  compaction  water  content,  and  thus  the  soil  fabric,  on  the  triaxial 
test  results,  it  was  decided  to  compact  the  test  specimens  at  the  optimum  water  content  for 
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Table  3.  Index  Properties  of  the  Silt-Clay  Mixtures 


Silt-Clay 

Mixture 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

uses 

Svmbol 

0%  Kaolinite 

2.7 

27 

NP 

NP 

ML 

10%  Kaolinite 

2.69 

29 

23 

6 

CL-ML 

30%  Kaolinite 

2.67 

30 

20 

10 

CL 

40%  Kaolinite 

2.63 

31 

22 

9 

CL 

50%  Kaolinite 

2.62 

38 

22 

16 

CL 

10%  Montmorillonite 

2.71 

55 

29 

26 

CH 

30%  Montmorillonite 

2.71 

152 

26 

26 

CH 

50%  Montmorillonite 

2.72 

186 

53 

133 

CH 
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Figure  4.  Gradation  Curves  for  Kaolinite-Silt  Mixtures 


Gradation  Curves  for  Montmorillonite-Silt  Mixtures 


Dry  Unit  Weight,  pcf 


Figure  6.  Effect  of  Compaction  Water  Content  on 
Soil  Fabric 


each  relative  compaction.  It  was  anticipated  that  the  optimal  water  content  would  also 
produce  triaxial  test  results  which  would  be  more  applicable  to  natural  silt  deposits. 
Therefore,  the  hyperbolic  stress-strain  and  Mohr-Coulomb  strength  parameters  for  natural 
silt  deposits  can  be  estimated  from  these  test  results  using  the  insitu  dry  density  and  water 
content. 

30.  To  determine  the  optimum  water  content  for  each  relative  compaction,  the  line 
of  optimums  for  each  silt  mixture  had  to  be  developed.  The  line  of  optimums  for  each 
kaolinite-silt  mixture  was  obtained  from  the  results  of  Modified  Proctor  and  Standard 
Proctor  compaction  tests  which  were  performed  in  accordance  with  ASTM  (1990) 
Standards  D1557  and  D698. 

31.  Figure  7  illustrates  the  technique  used  to  obtain  the  optimum  water  content  for 
each  relative  compaction.  For  example,  the  dry  density  and  water  content  used  to  obtain  a 
Standard  Proctor  relative  compaction  of  100%  is  obtained  from  the  peak  of  the  Standard 
Proctor  compaction  curve.  It  can  be  seen  from  Figure  7  that  the  dry  density  and  water 
content  for  this  condition  is  approximately  106.3  pcf  and  15.5%,  respectively.  The  dry 
density  and  water  content  for  a  Standard  Proctor  relative  compaction  of  95%  is  obtained  by 
moving  down  the  line  of  optimums  curve  to  a  dry  density  that  corresponds  to  95%  of  the 
maximum  dry  density  or  101.0  pcf.  The  optimum  water  content  for  95%  is  approximately 
17%.  It  can  be  seen  from  Figure  7  that  the  dry  density  and  water  content  for  relative 
compactions  of  90  and  85%  are  obtained  in  a  similar  fashion.  The  triaxial  test  specimens 
were  then  compacted  to  these  dry  densities  and  water  contents  to  investigate  the  effect  of 
dry  density  and  water  content  on  the  measured  hyperbolic  stress-strain  parameters  and  the 
Mohr-Coulomb  strength  parameters.  Table  4  presents  the  compaction  water  contents  and 
dry  densities  used  for  the  kaolinite  and  montmorillonite-silt  mixtures. 

32.  Figures  8  through  11  show  the  Modified  Proctor  and  Standard  Proctor 
compaction  curves,  and  the  line  of  optimums  for  the  0,  10,  30  and  50%  kaolinite-silt 
mixtures,  respectively.  Figure  12  shows  the  Standard  Proctor  compaction  curves  for  the  10, 
30  and  50%  montmorillonite-silt  mixtures.  Consolidated-Drained  (S)  triaxial  tests  were 
only  performed  on  montmorillonite-silt  mixtures  at  a  Standard  Proctor  relative  compaction 
of  100%.  Therefore,  it  was  not  necessary  to  determine  a  line  of  optimums  or  perform 
Modified  Proctor  compaction  tests  for  these  mixtures. 


Moisture  Content  % 


Figure  7.  Line  of  Optimums  and  Compaction  Criteria 
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Table  4  -  Compaction  Water  Contents  and  Dry  Densities  for  the  Kaolinite  and  Montmorillonite-Silt  Mixtures 


Standard 


Proctor 

Compacted 

Compacted 

Compacted 

% 

Relative 

Dry  Density 

Water  Content 

Wet  Density 

Clav 

ComDaction 

.  .  (%)  . 

0%  Kao 

100 

98.0 

21.0 

118.6 

0%  Kao 

95 

93.1 

23.5 

115.0 

0%  Kao 

90 

88.2 

26.2 

111.3 

0 %  Kao 

85 

83.3 

28.7 

107.2 

10%  Kao 

100 

104.8 

173 

122.9 

10%  Kao 

95 

99.6 

19.2 

118.7 

10%  Kao 

90 

94.3 

21.3 

114.4 

10%  Kao 

85 

89.1 

23.2 

110.0 

30%  Kao 

100 

106.6 

15.5 

123.1 

30%  Kao 

95 

1013 

16.8 

118.3 

30%  Kao 

90 

95.9 

18.1 

113.3 

30%  Kao 

85 

90.6 

19.4 

108.2 

50%  Kao 

100 

102.0 

18.7 

121.1 

50%  Kao 

95 

96.9 

20.0 

1163 

50%  Kao 

90 

91.8 

21.1 

111.2 

50%  Kao 

85 

86.7 

21.9 

105.7 

10%  Mont 

100 

100.6 

21.8 

122.5 

30%  Mont 

100 

95.2 

243 

1183 

50%  Mont 

100 

88.8 

273 

113.2 

NOTES: 

1. )  Kao  =  Kaolinite 

2. )  Mont  =  Montmorillonite 
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Figure  9.  Compaction  Curves  and  Line  of  Optimums 
for  10%  Kaolinite-Siit  Mixture 
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Figure  10.  Compaction  Curves  and  Line  of  Optimums 
for  30%  Kaolinite-Silt  Mixture 
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Figure  11.  Compaction  Curves  and  Line  of  Optimums 
for  50%  Kaolinite-Silt  Mixture 
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Pedometer  Tests 

33.  The  main  objective  of  this  study  was  to  characterize  the  shear  behavior  of 
normally  consolidated  silts  and  clayey-silts.  Therefore,  the  triaxial  tests  had  to  be 
performed  at  effective  confining  pressures  which  insured  normally  consolidated  behavior. 
It  was  also  anticipated  that  removing  the  overconsolidation  due  to  compaction  would 
greatly  facilitate  the  interpretation  and  comparison  of  the  test  results.  Investigation  of  the 
effects  of  overconsolidation  due  to  compaction  was  beyond  the  scope  of  this  research. 

34.  To  estimate  the  effective  confining  pressure  required  to  insure  normally 
consolidated  behavior,  an  oedometer  test  was  conducted  to  measure  the  preconsolidation 
pressure  for  each  Standard  Proctor  relative  compaction  and  clay  percentage.  The  effective 
confining  pressures  used  in  the  drained  and  undrained  triaxial  tests  were  usually  1.2  to  3.0 
times  larger  than  the  measured  preconsolidation  pressures  to  insure  that  the 
overconsolidation  due  to  compaction  was  overcome. 

35.  The  oedometer  test  specimens  were  compacted  directly  into  the  fixed 
oedometer  ring  at  the  appropriate  dry  density  and  water  content.  A  modified  Harvard 
compaction  apparatus  was  used  to  compact  the  test  specimens.  This  apparatus  controls  the 
height  of  each  lift  and  thus  the  amount  of  soil  compacted  into  each  lift.  Therefore,  the 
appropriate  amount  of  soil  is  weighed  and  compacted  in  four  lifts  to  obtain  the  desired  dry 
density  or  relative  compaction.  Four  lifts  are  used  to  create  the  0.4  inch  thick  test 
specimens.  The  top  of  each  lift  was  scarified  before  the  next  lift  was  placed  to  insure  an 
adequate  bond  between  lifts.  The  one-dimensional  oedometer  tests  were  performed  in 
accordance  with  ASTM  (1990)  Standard  D2435-80. 

36.  Figures  13  through  16  show  the  effective  stress  relationships  from  the 
oedometer  tests  on  the  0,  10,  30  and  50%  kaolinite-siit  mixtures,  respectively.  It  can  be 
seen  that  the  stiffness  of  the  silt  mixtures  increased  as  the  amount  of  kaolinite  decreased. 
It  can  be  seen  from  Figure  13  that  the  0%  kaolinite  mixture  exhibited  a  very  flat  stress- 
strain  curve.  As  a  result,  the  maximum  preconsolidation  pressure  for  the  0%  kaolinite 
mixture  ranged  from  11  to  18  tsf.  Effective  confining  pressures  of  11  to  20  tsf  were  used  for 
this  mi  ture  because  pressures  greater  than  20  tsf  could  not  be  obtained.  These  l?rge 
confining  stresses  required  the  use  of  stainless  steel  triaxial  containers  instead  of  the 
standard  Plexiglass  containers. 


37.  As  the  percentage  of  kaolinite  increased,  the  slope  of  the  stress-strain  curve 
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Figure  13.  Oedometer  Test  Results  for  0%  Kaolinite-Silt  Mixture 
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Figure  14.  Oedometer  Test  Results  for  10%  Kaolinite-Silt  Mixture 
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Figure  15.  Oedometer  Test  Results  for  30%  Kaolinite-Silt  Mixture 
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Figure  16.  Oedometer  Test  Results  for  50%  Kaolinite-Silt  Mixture 
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increased  and  the  maximum  preconsolidation  pressure  decreased.  The  maximum 
preconsolidation  pressure  also  decreased  as  the  relative  compaction  decreased  from  100  to 
85%  of  the  Standard  Proctor  maximum.  It  can  be  seen  from  Table  5  that  the  50%  kaolinite 
mixture  had  a  preconsolidation  pressure  of  only  1.4  to  2.0  tsf.  Therefore,  the  effective 
confining  pressure  for  this  mixture  ranged  from  3  to  9  tsf  and  the  Plexiglass  containers 
could  be  used. 

38.  Figure  17  shows  the  effective  stress  relationships  from  the  oedometer  tests  on 
the  10,  30  and  50%  montmorillonite-silt  mixtures.  It  can  be  seen  that  the  maximum 
preconsolidation  pressure  decreased  as  the  amount  of  montmorillonite  increased.  The 
range  of  effective  confining  pressures  used  for  the  montmorillonite-silt  mixtures  ranged 
from  3  to  20  tsf  as  shown  in  Table  5. 


Table  5.  Compressibility  Parameters  of  the  Silt-Clay  Mixtures 
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Standard 
Proctor 
%  Relative 

Clay  Compaction 

Maximum 

Preconsolidation 

Pressure 

(tsf)  Cc 

Cr 

C£c 

Csr 

Effective 
Triaxial 
Confining 
Pressures  (tsf) 

0%  Kao 

100 

18 

0.061 

0.0041 

0.0355 

0.0024 

2.1-17.1 

0%  Kao 

95 

13 

0.081 

0.0045 

0.0410 

0.0025 

7.9-16.4 

0%  Kao 

90 

11 

0.1051 

0.0067 

0.0550 

0.0035 

8.0-12.9 

0%  Kao 

85 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

10%  Kao 

100 

14.7 

0.0702 

0.0069 

0.0430 

0.0043 

9.8-17.0 

10%  Kao 

95 

1.6 

0.0813 

0.0093 

0.0480 

0.0055 

11.7-17.4 

10%  Kao 

90 

1 

0.1139 

0.0099 

0.0639 

0.0056 

3.0-15.4 

10%  Kao 

85 

0.5 

0.1202 

0.0101 

0.0670 

0.0056 

3.1-145 

30%  Kao 

100 

9.6 

0.1220 

0.0117 

0.0782 

0.0075 

10.2-17.6 

30%  Kao 

95 

1 

0.1236 

0.0118 

0.0790 

0.0078 

8.3-15.5 

30%  Kao 

90 

035 

0.1388 

0.0120 

0.0812 

0.0080 

4.1-15.5 

30%  Yr.o 

85 

0.25 

0.1483 

0.0131 

0.0813 

0.0081 

3.1-17.3 

50%  Kao 

100 

6 

0.1674 

0.0154 

0.1040 

0.00% 

9.2-17.4 

50%  Kao 

95 

2.0 

0.1297 

0.0114 

0.0770 

0.0067 

8.2-15.4 

50%  Kao 

90 

1.4 

0.2071 

0.0174 

0.1170 

0.0098 

4.0-10.0 

50%  Kao 

85 

03 

0.2137 

0.0196 

0.1220 

0.0112 

35-93 

10%  Mont 

100 

16 

0.0793 

0.0082 

0.047 

0.0055 

113-16.9 

30%  Mont 

100 

65 

0.2032 

0.0206 

0.116 

0.0118 

103-16.9 

50%  Mont 

100 

6.4 

0322 

0.143 

0.178 

0.0720 

8.7-15.5 

Notes: 

1. )  Kao  =  Kaolinite 

2. )  Mont  =  Montmorillonite 

3. )  N/A  =  Not  Available 

4. )  C„  and  C.  obtained  from  void  ratio-effective  stress  curves 

5. )  C£  and  C£  f  obtained  from  axial  strain-effective  stress  curves 
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Figure  17.  Oedometer  Test  Results  for  10,  30,  and  50% 
Montmorillonite-Silt  Mixtures 
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PART  V:  TRIAXIAL  TEST  PROCEDURES 
Preparation  of  Triaxial  Test  Specimens 

39.  The  bulk  samples  of  each  kaolinite  and  montmorillonite-silt  mixture  were 
obtained  using  the  dry  mixing  process  described  in  paragraphs  25  and  26.  The  triaxial  test 
specimens  were  trimmed  from  the  compacted  samples  of  the  various  silt  mixtures.  Each 
mixture  was  compacted  into  a  six  inch  diameter  Proctor  compaction  mold.  To  obtain  the 
dry  density  corresponding  to  Standard  Proctor  relative  compactions  of  85,  90,  95  and  100%, 
the  silt  mixtures  were  compacted  in  five  one-inch  lifts.  A  special  compaction  apparatus, 
described  by  Houston  and  Chan  (1983),  was  used  to  compact  the  appropriate  weight  of  soil 
into  each  lift.  The  height  of  each  lift  was  fixed  by  adjusting  the  depth  to  which  the  tamper 
could  penetrate.  The  depth  was  set  using  a  series  of  one-inch  spacer  blocks.  Each  lift  was 
then  tamped  approximately  50  times  or  until  all  the  soil  was  compacted  into  the 
predetermined  lift  height.  The  hand-held  tamper  was  moved  around  the  compaction  mold 
until  all  the  soil  was  compacted  into  the  one-inch  lift.  The  diameter  of  the  tamper  is 
approximately  1.4  inches.  The  amount  of  soil  compacted  in  each  lift  was  calculated  based 
on  the  desired  relative  compaction  and  water  content. 

40.  To  facilitate  the  saturation  of  the  test  specimens,  carbon  dioxide  gas  was 
injected  into  the  compaction  mold  as  the  soil  was  being  rained  in.  The  carbon  dioxide, 
which  is  heavier  than  air,  displaced  the  air  trapped  in  the  soil  during  the  raining  process. 
Carbon  dioxide  dissolves  during  the  back  pressure  saturation  process  which  greatly  reduces 
the  time  required  to  obtain  full  saturation,  Chan  (1990). 

41.  The  top  of  each  lift  was  scarified  before  the  next  lift  was  placed  to  insure  an 
adequate  bond  between  lifts.  Five  one-inch  lifts  were  compacted  in  the  six-inch  diameter 
mold  to  create  a  compacted  silt  plug  with  a  volume  of  a  0.082  cu  ft.  Each  plug  was 
carefully  extruded  from  the  mold  using  a  hydraulic  jack.  The  plug  was  then  cut  into  four 
sections  using  a  seven-inch  long  surgical  razor  blade  or  a  fine  wire  saw.  A  triaxial  test 
specimen  was  trimmed  from  each  section  so  that  four  test  specimens  were  obtained  from 
each  plug.  This  resulted  in  four  triaxial  test  specimens  which  had  a  similar  compaction 
history  and  thus  comparable  shear  strength  and  sti  ess-strain  characteristics. 


42.  The  1.4  inch  diameter  and  3.5  inch  long  triaxial  test  specimers  were  trimmed 
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using  a  GEONOR  trimming  lathe.  A  very  fine  wire  saw  was  used  to  trim  the  0  and  10% 
kaolinite  mixtures  and  a  surgical  razor  blade  was  used  for  the  30  and  50%  kaolinite 
mixtures.  A  3.5  inch  long  miter  box  was  used  to  obtain  the  final  triaxial  test  specimen  after 
the  trimming  was  completed.  The  water  content  and  dry  density  of  each  test  specimen  was 
determined  before  inserting  the  specimen  into  the  triaxial  apparatus. 

43.  A  set  of  five  GEONOR  triaxial  cells  with  Plexiglass  and  stainless  steel 
containers  were  used  for  the  testing.  The  cells  were  connected  to  volume  change/pore 
pressure  measurements  devices  which  could  be  read  electronically.  The  porous  stones  at 
the  top  and  bottom  of  the  test  specimens  were  either  cleaned  in  a  sonic  cleaner  or  boiled 
for  ten  minutes  before  each  test.  Two  membranes,  i.e.  prophylactics,  were  carefully  rolled 
over  each  test  specimen.  To  reduce  the  amount  of  air  trapped  in  the  system,  the 
membranes  were  carefully  rolled  over  the  test  specimen  and  any  wrinkles  in  either 
membrane  were  removed.  Each  membrane  was  secured  with  two  O-rings  at  the  top  and 
bottom  of  the  specimen.  If  the  effective  confining  pressure  was  to  exceed  10  tsf,  a  heavier 
membrane  was  used  as  the  second  membrane  and  installed  using  a  membrane  expander. 
The  heavier  membrane  is  approximately  0.007  inches  thick  and  reduced  the  potential  for 
puncture  at  these  high  pressures.  In  both  cases  a  thin  coating  of  silicone  lubricant  was 
applied  to  the  first  membrane  to  reduce  any  friction  which  might  develop  between  the 
membranes. 

44.  To  promote  drainage  in  the  consolidated-drained  (S)  triaxial  tests,  the 
specimens  were  wrapped  in  filter  paper.  Portions  of  the  filter  paper  were  cut  out  to  reduce 
the  strength  of  the  filter  paper  as  described  by  Bishop  and  Henkel  (1962).  These  slotted 
pieces  of  filter  paper  are  sometimes  referred  to  as  Bishop’s  pajamas.  The  appropriate 
strain  rate  for  the  consolidated-drained  (S)  and  undrained  (R)  triaxial  tests  was  determined 
using  the  procedure  described  by  Gibson  and  Henkel  (1954)  and  the  coefficient  of 
consolidation  measured  during  consolidation  of  each  test  specimen.  The  values  of 
coefficient  of  consolidation  were  verified  using  the  oedometer  test  results  described  in 
paragraphs  33  through  38.  The  axial  strain  rate  used  for  the  consolidated-drained  (S)  tests 
was  a  function  of  the  clay  content  and  clay  mineral.  The  triaxial  tests  on  the  0  and  10% 
kaolinite-silt  mixtures  were  performed  using  a  strain  rate  of  0.05%  (0.0018  in/min).  Strain 
rates  of  0.013%  (0.00048  in/min)  and  0.01%  (0.00036  in/min)  were  used  for  the  30  and 
50%  kaolinite-silt  mixtures,  respectively.  The  drained  triaxial  tests  on  the  montmorillonite- 
silt  mixtures  were  performed  using  a  strain  rate  of  0.002%  (0.000072  in/min).  The 
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consolidated-undrained  (R)  tests  on  the  kaolinite-silt  mixtures  were  conducted  at  a  strain 
rate  of  0.086%  (0.003  in/min). 

Specimen  Saturation 

45.  After  the  entire  triaxial  cell  was  assembled  and  a  small  cell  pressure  was 
applied  to  the  test  specimen,  a  vacuum  of  less  than  1  tsf  was  then  applied  to  the  specimen. 
The  vacuum  was  applied  through  an  air/water  interface  and  removed  most  of  the  air  and 
carbon  dioxide  from  the  specimen.  The  vacuum  was  usually  maintained  for  approximately 
20  minutes.  After  20  minutes,  the  vacuum  pump  was  turned  off  and  deionized  water  was 
allowed  to  slowly  percolate  into  the  specimen  for  10  to  15  minutes.  In  most  of  the  tests, 
this  resulted  in  the  solution  of  most,  if  not  all,  of  the  carbon  dioxide  and  a  nearly  saturated 
test  specimen.  The  triaxial  cell  was  then  connected  to  the  volume  change/pore  pressure 
measuring  device  and  a  small  back  pressure  was  applied.  The  back  pressure  and  cell 
pressure  were  then  incrementally  raised  until  the  back  pressure  reached  approximately  1 
tsf.  The  test  specimen  was  allowed  to  stabilize  overnight  under  this  pressure  condition.  In 
all  of  the  tests,  the  cell  pressure  and  back  pressure  were  applied  using  a  GEONOR 
constant  pressure  system  which  utilized  dead  weights  to  generate  pressure.  This  prevented 
any  significant  variations  in  the  cell  and  back  pressures  due  to  variations  in  the  compressor 
or  air  pressure  system. 

46.  Saturation  of  the  test  specimen  was  confirmed  using  Skempton’s  (1954)  pore 
pressure  coefficient  ’B\  The  B-value,  the  change  in  pore  pressure  divided  by  the  change  in 
cell  pressure,  was  measured  after  the  specimen  came  into  equilibrium  under  a  back 
pressure  of  approximately  1  tsf.  In  accordance  with  Black  and  Lee  (1973)  and  Bishop  and 
Henkel  (1962),  the  desired  B-value  for  the  consolidated-drained  (S)  tests  was  95%  or 
greater  and  99.7%  or  greater  for  the  consolidated-undrained  (R)  tests.  If  the  B-value  did 
not  meet  these  criterion,  the  cell  and  back  pressure  were  incrementally  increased,  using  the 
technique  described  by  Houston  and  Chan  (1983),  until  they  were  achieved.  The  rate  and 
size  of  the  increment  were  carefully  controlled  to  insure  that  no  part  of  the  specimen  was 
overconsolidated. 

47.  It  was  found  that  the  0  and  10%  kaolinite  test  specimens  required  a  back 
pressure  of  only  1  tsf  and  approximately  one  day  of  back  pressure  to  achieve  the  saturation 
criteria.  The  30  and  50%  kaolinite  specimens  required  back  pressures  as  high  as  5  to  6  tsf 
and  durations  of  up  to  seven  days  to  achieve  the  saturation  criteria.  After  saturation  was 
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obtained,  the  consolidated-drained  (S)  and  consolidated-undrained  (R)  triaxial  tests  were 
performed  in  accordance  with  the  Corps  of  Engineers  Laboratory  Soils  Testing  Manual 
(Office  1970). 
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PART  VI:  KAOUNITE-SILT  TRIAXIAL  TEST  RESULTS 

Isotropically  Consolidated-Drained  Triaxial  Tests 

48.  It  can  be  seen  from  Table  2  that  56  isotropically  consolidated-drained  (S) 
triaxial  tests  were  performed  on  the  kaolinite-silt  mixtures.  The  following  paragraphs  will 
describe  the  effect  of  1.)  dry  density  or  relative  compaction,  2.)  kaolinite  content,  and  3.) 
effective  confining  pressure  on  the  drained  stress-strain  behavior  of  normally  consolidated 
silts  and  clayey-silts.  Figure  18  provides  a  comparison  of  the  stress-strain  curves  for 
Standard  Proctor  relative  compactions  of  90  and  100%  and  a  kaolinite  content  of  0%.  It 
can  be  seen  that  the  magnitude  of  relative  compaction  has  a  large  effect  on  the  measured 
stiffness  and  the  maximum  deviator  stress.  The  relative  compaction  of  100%  results  in  a 
maximum  deviator  stress  that  is  10  to  12  tsf  higher  and  an  initial  tangent  modulus  that  is 
approximately  10  to  20%  larger  than  the  90%  relative  compaction  specimen  at  the  same 
effective  confining  pressure.  In  addition,  the  shear  behavior  of  the  two  specimens  is 
noticeably  different.  The  low  (0  and  10%)  kaolinite  mixtures  usually  exhibited  a  small 
amount  of  strain  softening  and  a  large  degree  of  dilation.  The  high  (30  and  50%)  kaolinite 
mixtures  usually  exhibited  a  ductile  deviator  stress  curve  and  a  contractive  behavior.  The 
maximum  deviator  stress,  i.e.  failure,  usually  occurred  at  8  to  10%  axial  strain  in  the  low 
kaolinite  mixtures  while  an  axial  strain  of  17  to  20%  was  required  to  reach  failure  in  the 
high  kaolinite  mixtures. 

49.  Figure  19  provides  a  comparison  of  the  stress-strain  curves  for  Standard  Proctor 
relative  compactions  of  85  and  100%  at  a  kaolinite  content  of  50%.  It  can  be  seen  that 
there  is  only  a  small  effect  of  relative  compaction  on  the  measured  stiffness  and  maximum 
deviator  stress  with  a  kaolinite  content  of  50%  The  maximum  deviator  stresses  differ  by 
less  than  1  tsf  and  the  initial  tangent  moduli  are  approximately  equal.  Therefore,  it  was 
concluded  that  the  effect  of  relative  compaction  on  the  maximum  deviator  stress  and 
stiffness  is  very  small  when  the  kaolinite  or  clay  content  is  greater  than  30%.  However,  it 
can  be  seen  that  relative  compaction  has  a  large  influence  on  the  volumetric  strain  at  axial 
strains  greater  than  6%.  In  contrast,  relative  compaction  had  a  large  affect  on  both  the 
maximum  deviator  stress  and  the  volumetric  strain  at  kaolinite  or  clay  contents  less  than 
10%. 


50.  This  result  could  have  a  large  impact  on  the  field  compaction  of  silts  and  clayey- 
silts.  If  the  clay  content  is  greater  than  30%  there  appears  to  be  little  increase 
(approximately  1  tsf)  in  the  maximum  deviator  stress  from  specifying  a  field  relative 


Volumetric  Strain,  %  Deviator  Stress,  tsf 
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Figure  18.  Effect  of  Relative  Compaction  on  Stress-Strain 
Behavior  in  Consolidated-Drained  (S)  Triaxial 
Tests  on  0%  Kaolinite  Mixtures 
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relative  compaction  greater  than  90%.  This  increase  in  strength  and  stiffness  due  to  the 
increased  relative  compaction  is  probably  minimal  compared  to  the  cost  of  obtaining  a 
relative  compaction  greater  than  90%.  However,  increasing  the  relative  compaction  may 
result  in  a  substantial  decrease  in  the  volumetric  strain  or  field  displacement.  On  the  other 
hand,  if  the  clay  content  is  less  than  10%  there  appears  to  be  a  substantial  increase  in 
strength  and  stiffness  as  the  relative  compaction  increases  from  90  to  100%. 

51.  Figure  20  provides  a  comparison  of  the  stress-strain  curves  for  kaolinite  contents 
of  0  and  30%.  The  0%  curves  are  typical  of  the  behavior  at  low  (0  and  10%)  kaolinite 
mixtures  while  the  30%  curves  are  representative  of  the  high  (30  and  50%)  mixtures.  It  can 
be  seen  that  the  0%  kaolinite  specimen  typically  exhibits  a  much  larger  initial  tangent 
modulus  and  maximum  deviator  stress  than  the  30%  kaolinite  specimen.  The  initial 
tangent  modulus  for  the  0  and  30%  kaolinite  specimens  are  4.0x10^  psf  (190,000  kPa)  and 
1.7x10^  psf  (80,000  kPa),  respectively.  The  effective  stress  friction  angle  for  the  0  and  30% 
kaolinite  specimens  are  38.6  and  25.5,  respectively. 

52.  In  summary,  the  amount  of  clay  or  kaolinite  controls  the  stress-strain  and  shear 
strength  parameters  of  the  specimen.  If  the  clay  content  is  less  than  10%,  the  specimen 
appears  to  exhibit  strength  characteristics  similar  to  a  sand.  Therefore,  the  silt  controls  the 
engineering  properties  of  the  test  specimen  when  the  clay  content  is  less  than  10%.  If  the 
kaolinite  content  is  30%  or  greater,  the  specimen  exhibits  strength  characteristics  similar  to 
a  clay.  Based  on  these  results,  the  transition  point  between  sand  and  clay  behavior  appears 
to  occur  at  a  kaolinite  content  between  10  and  30%.  Additional  testing  is  needed  to  clarify 
the  kaolinite  content  which  precisely  corresponds  to  the  transition  point. 

53.  Figures  21  and  22  illustrate  the  effect  of  effective  confining  pressure  on  the 
stress-strain  behavior  of  0  and  30%  kaolinite,  respectively.  These  curves  are  typical  of  the 
low  and  high  kaolinite  mixtures,  respectively.  It  can  be  seen  from  Figure  21  that  at  very 
large  effective  confining  pressures,  e.g.  15.6  to  20  tsf,  the  0%  kaolinite  mixture  still 
exhibited  dilation.  As  expected,  the  amount  of  dilation  increases  as  the  effective  confining 
pressure  decreased.  Initially  it  was  thought  that  the  test  specimens  were  exhibiting 
overconsolidated  behavior  and  thus  the  effective  confining  pressures  were  not  high  enough 
to  create  a  normally  consolidated  condition.  Since  special  provisions  had  already  been 
made  to  obtain  a  confining  pressure  of  20  tsf,  an  extensive  literature  search  was  conducted 
to  determine  if  this  was  overconsolidated  or  normally  consolidated  behavior. 


54.  Fleming  and  Duncan  (1990)  presented  triaxial  test  results  on  a  low  plasticity  silt, 
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with  a  clay  fraction  of  20  to  22%,  from  the  Beaufort  Sea  in  Alaska.  The  triaxial  test 
specimens  were  obtained  by  consolidating  a  slurry  of  the  silt  in  a  one-dimensional 
consolidometer.  The  triaxial  test  specimens  were  then  trimmed  from  the  consolidated 
slurry.  Therefore,  the  Alaskan  silt  was  truly  is  a  normally  consolidated  condition.  Even 
though  the  test  specimens  were  normally  consolidated,  the  stress-strain  curves  from 
isotropically  consolidated-drained  and  undrained  triaxial  tests  still  exhibited  dilation. 
Based  on  this  data  it  was  determined  that  the  dilation  exhibited  in  the  0%  kaolinite 
mixtures  was  representative  of  normally  consolidated  behavior  and  the  effective  confining 
pressures  were  adequate.  It  should  be  noted  that  the  triaxial  test  specimens  consolidated 
to  confining  pressures  less  than  8  tsf  exhibited  a  sharp  increase  in  the  initial  tangent 
modulus  and  effective  stress  friction  angle.  Therefore,  it  was  anticipated  that  a  confining 
pressure  of  8  to  10  tsf  was  the  transition  point  between  overconsolidated  and  normally 
consolidated  behavior.  It  may  thus  be  concluded  that  normally  consolidated  silts  dilate  and 
the  amount  of  dilation  is  a  function  of  the  effective  confining  pressure. 

55.  Figure  22  illustrates  the  effect  of  effective  confining  pressure  on  the  stress-strain 
behavior  of  silt  with  a  30%  kaolinite  content.  It  can  be  seen  that  effective  confining 
pressures  ranging  from  4.1  to  15.5  tsf  resulted  in  a  contractive  behavior.  It  can  also  be  seen 
that  there  is  a  larger  effect  of  confining  pressure  on  the  deviator  stress  than  the  volumetric 
strain.  Therefore,  the  transition  point  from  sand  to  clay  behavior  again  appears  to  occur 
between  a  kaolinite  content  of  10  and  30%. 

56.  Table  6  presents  the  effective  stress  Mohr-Coulomb  strength  parameters 
obtained  from  the  isotropically  consolidated-drained  (S)  triaxial  tests.  The  failure  criteria 
used  to  obtain  these  parameters  is  the  maximum  deviator  stress  or  an  axial  strain  of  20%. 
It  should  be  noted  that  a  specimen  at  0%  kaolinite  and  a  relative  compaction  of  85%  could 
not  be  obtained  because  the  sample  liquefied  during  compaction  due  to  the  high  water 
content.  It  cai  je  seen  that  all  of  the  kaolinite-silt  mixtures  exhibited  an  effective  stress 
cohesion  of  zero.  This  also  indicates  that  the  test  specimens  were  in  a  normally 
consolidated  condition  at  the  time  of  shearing.  At  a  relative  compaction  of  100%,  the 
effective  stress  friction  angle  ranged  from  38.6  degrees  for  the  0%  kaolinite  mixture  to  26.7 
degrees  for  the  50%  kaolinite  mixture.  Therefore,  an  increase  in  kaolinite  content  from  0 
to  50%  results  in  a  12  degree  decrease  in  the  effective  stress  friction  angle. 

57.  It  can  also  be  seen  from  Table  6  that  the  effect  of  relative  compaction  on  the 
effective  stress  friction  angle  decreases  significantly  as  the  clay  content  approaches  50%. 


Table  6  -  Effective  Stress  Mohr-Coulomb  Strength  Parameters  for  Kaolinite-Silt  Mixtures  from  Consolidated-Drained  Triaxial  Tests 
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NOTES: 

1 . )  K  ao  =  Kaoliniie 

2. )  NA  =  Not  Available 
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For  example,  at  0%  kaolinite  the  friction  ranged  from  29.5  to  38.6  degrees.  Therefore,  ihe 
fric^'on  angle  increased  approximately  7.1  degrees  when  the  relative  compaction  increased 
from  90  to  100%.  The  range  of  friction  angle  for  the  50%  kaolinite  mixture  was 
approximately  1  degree,  25.5  to  26.7,  for  relative  compactions  of  85  to  100%,  respectively. 
This  result  could  also  have  a  large  impact  on  the  field  compaction  of  silts  and  clayey-silts. 

58.  Mitchell  (1976)  reported  that  the  peak  effective  stress  friction  angle  of  pure 
kaolinite  ranges  from  26  to  30  degrees.  Therefore,  from  Table  b  may  be  concluded  that 
the  kaolinite  controls  the  shear  strength  of  the  30  and  50%  kaolinite-silt  mixtures.  The 
friction  angle  for  the  10%  kaolinite  is  33  to  36.5  degrees  and  appears  to  be  controlled  by 
the  strength  of  the  silt  instead  of  the  kaolinite.  This  also  implies  that  the  transition  point 
between  sand  and  clay  behavior  in  drained  conditions  occurs  at  a  kaolinite  content  between 
10  and  30%. 

59.  Table  7  presents  the  hyperbolic  stress-strain  parameters  obtained  from  the 
isotropically  consolidated-drained  (S)  triaxial  tests.  These  parameters  were  obtained  using 
the  procedure  recommended  by  Duncan  et  al.  (1980)  in  which  the  deviator  stresses  at  70 
and  95%  of  the  maximum  deviator  stress  are  used  to  estimate  the  initial  tangent  modulus. 
Figure  23  presents  a  typical  comparison  of  the  actual  and  hyperbolic  stress-strain  curves  for 
the  30  and  50%  kaolinite-silt  mixtures.  It  can  be  seen  that  the  hyperbolic  model  provides 
an  excellent  representation  of  the  deviator  stress  and  volumetric  strain  curves.  This  is 
mainly  due  to  these  kaolinite-silt  mixtures  exhibiting  a  contractive  shear  behavior. 

60.  Figure  24  presents  a  typical  comparison  of  the  actual  and  hyperbolic  stress- 
strain  curves  for  the  0  and  10%  kaolinite  silt  mixtures.  It  can  be  seen  that  the  hyperbolic 
parameters  provide  an  excellent  representation  of  the  deviator  stress  curve  for  axial  strains 
less  than  12%.  However,  at  axial  strains  greater  than  approximately  6%,  the  volumetric 
strain  curve  exhibits  a  dilative  behavior.  Since  the  hyperbolic  stress-strain  model  does  not 
account  for  dilation,  the  model  provides  a  poor  representation  of  the  volumetric  strain 
behavior.  Therefore,  the  hyperbolic  parameters  presented  in  Table  7  will  provide  an 
accurate  estimate  of  the  volume  change  behavior  at  axial  strains  less  than  6%.  At  axial 
strains  greater  than  6%,  the  reported  hyperbolic  parameters  will  over  estimate  the 
volumetric  strain 

61.  It  can  be  seen  from  Table  7  that  the  influence  of  relative  compaction  on  the 
modulus  number  increases  as  the  kaolinite  content  decreases.  The  modulus  number 


Table  7  -  Effective  Stress  Hyperbolic  Stress-Strain  Parameters  for  Kaolinitc-Sib  Mixtures  from  Consolidated-Drained  Triaxial  Tests 
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Figure  23.  Comparison  of  Measured  and  Drained 
Hyperbolic  Stress-Strain  Curves  for  the 
30  and  50%  Kaolinite  Mixtures 
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Figure  24.  Comparison  of  Measured  and  Drained 
Hyperbolic  Stress-Strain  Curves  for  the 
0  and  10%  Kaolinite  Mixtures 
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ranged  from  81  to  174  for  0%  kaolinite  and  only  28  to  44  for  the  50%  kaolinite  mixture.  In 
addition,  the  higher  the  kaolinite  content,  the  softer  or  lower  the  modulus  number.  From 
Table  7  it  can  be  seen  that  modulus  exponent  was  approximately  equal  to  unity  for  all  of 
the  mixtures.  This  is  in  good  agreement  with  the  fact  that  the  test  specimens  were  normally 
consolidated.  In  fact,  it  can  be  shown  using  critical  state  soil  mechanics  that  the  modulus 
exponent  should  be  equal  to  1.0  if  the  specimen  is  normally  consolidated. 

62.  It  can  be  seen  from  Table  7  that  the  relative  compaction  and  kaolinite  content 
had  a  similar  effect  on  the  bulk  modulus  number  as  it  did  on  the  modulus  number.  The 
bulk  modulus  number  was  obtained  using  the  volumetric  strain  at  70  and  95%  of  the 
maximum  deviator  stress  as  recommended  by  Duncan  et  al.  (1980).  The  bulk  modulus 
exponent  was  also  equal  to  unity  due  to  the  normally  consolidated  nature  of  the  test 
specimens.  The  failure  ratio  for  all  of  the  mixtures  varied  from  0.61  to  0.82  and  did  not 
have  a  discernible  pattern.  However,  the  small  variations  in  the  failure  ratio  did  not 
significantly  effect  the  shape  of  the  stress-strain  curve  predicted  by  the  hyperbolic  stress- 
strain  model. 

63.  In  summary,  Tables  6  and  7  provide  an  excellent  database  of  effective  stress 
strength  and  hyperbolic  stress-strain  parameters  for  normally  consolidated  silts  and  clayey- 
silts.  The  hyperbolic  and  shear  strength  parameters  for  natural  silt  deposits  can  be 
estimated  from  these  tables  using  the  insitu  dry  density  and  water  content.  Tables  6  an  7 
also  illustrate  the  effects  of  clay  content,  effective  confining  pressure,  and  soil  density  on 
the  Mohr-Coulomb  strer  i  and  hyperbolic  stress-strain  parameters.  These  results  provide 
an  excellent  insight  into  the  drained  stress-strain  response  of  silts  and  clayey-silts  to  field 
loadings.  It  should  be  noted  that  the  hyperbolic  stress-strain  model  does  not  account  for 
dilation.  Therefore,  the  dilative  behavior  observed  in  the  volumetric  strain  curves  for 
kaolinite  contents  less  than  or  equal  to  10%,  will  not  be  accurately  modeled.  The 
hyperbolic  parameters  in  Table  7  only  provide  an  accurate  representation  of  the  volume 
change  characteristics  at  axial  strains  less  than  approximately  6%  for  kaolinite  contents  of 
10%  or  less  due  to  this  dilative  behavior.  However,  the  deviator  stress  curves  were 
accurately  modeled  to  an  axial  strain  of  12%.  In  the  30  and  50%  kaolinite-silt  mixtures,  the 
hyperbolic  model  provided  an  excellent  representation  of  the  measured  soil  behavior  for 
axial  strains  less  than  or  equal  to  20%. 

Isotropically  Consolidated-Undrained  Triaxial  Tests 

64.  It  can  be  seen  from  Table  2  that  50  isotropically  consolidated-undrained  (R) 
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triaxial  tests  were  performed  on  the  kaolinite-silt  mixtures.  The  following  paragraphs  will 
describe  1.)  the  differences  between  the  drained  and  undrained  stress-strain  behavior,  2.) 
the  effect  of  dry  density  or  relative  compaction,  3.)  the  effect  of  kaolinite  or  clay  content, 
and  4.)  the  effect  of  effective  confining  pressure  on  the  undrained  behavior  of  normally 
consolidated  silts  and  clayey-silts.  Figures  25  and  26  provide  a  comparison  of  the  stress- 
strain  curves  from  consolidated-drained  and  consolidated-undrained  triaxial  tests, 
respectively.  The  Standard  Proctor  relative  compaction  for  the  tests  shown  in  these  Figures 
is  100%.  The  differences  in  drained  behavior  exhibited  by  the  low  (0  and  10%)  and  high 
(30  and  50%)  kaolinite  content  can  be  seen  in  Figure  25.  In  general,  the  deviator  stress, 
curve  for  the  low  kaolinite  mixtures  exhibits  a  ductile  behavior  and  the  volumetric  strain 
curve  indicates  a  large  amount  of  dilation.  At  large  axial  strains,  it  can  be  seen  that  the 
amount  of  dilation  usually  decreased  resulting  in  a  small  amount  of  strain  softening.  The 
high  kaolinite  mixtures  exhibit  a  strain  hardening  deviator  stress  curve  while  showing  a 
contractive  volume  change  behavior. 

65.  It  can  be  seen  from  Figure  26  that  the  low  kaolinite  mixtures  exhibit  a  strain 
hardening  deviator  stress  curve  and  a  dilative  pore  pressure  response.  Before  strain 
hardening  occurred,  the  undrained  deviator  stress  curves  usually  exhibited  a  large  change 
in  slope  at  an  axial  strain  of  1  to  2%.  This  coincides  with  the  initiation  of  dilation  and  thus 
a  decrease  in  the  pore  pressure.  Based  on  these  results  the  strain  hardening  behavior  was 
attributed  to  dilation  and  the  development  of  negative  pore  pressures.  Due  to  the 
limitations  of  the  hyperbolic  model,  the  undrained  deviator  stress  curve  for  the  low 
kaolinite  mixtures  could  only  be  accurately  modeled  to  an  axial  strain  of  1  to  2%. 

66.  The  high  kaolinite  mixtures  exhibited  a  ductile  deviator  stress  curve  and  a 
contractive  or  positive  pore  pressure  response.  As  a  result,  the  undrained  behavior  of  the 
high  kaolinite  mixtures  was  accurately  modeled  by  the  hyperbolic  relationships.  In 
summary,  the  drained  and  undrained  behavior  of  the  high  and  low  kaolinite  mixtures 
differed  significantly.  The  low  kaolinite  mixtures  exhibited  a  ductile  behavior  in  drained 
conditions  and  a  strain  hardening  behavior  in  undrained  conditions.  Conversely,  the  high 
kaolinite  mixtures  exhibited  a  drained  strain  hardening  behavior  and  a  ductile  behavior  in 
undrained  conditions. 

67.  Figure  27  provides  a  comparison  of  the  stress-strain  curves  for  Standard  Proctor 
relative  compactions  of  90  and  100%  at  a  low  (0  and  10%)  kaolinite  content.  It  can  be 
seen  that  both  specimens  exhibit  a  strain  hardening  behavior.  However,  the  amount  of 
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Figure  25.  Comparison  of  Consolidated-Drained 
Stress-Strain  Behavior 
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Figure  26.  Comparison  of  Consolidated-Undrained 
Stress-Strain  Behavior 
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Axiai  Strain,  % 

Figure  27.  Effect  of  Relative  Compaction  on  Stress-Strain 
Behavior  in  Consolidated-Undrained  (R)  Triaxial 
Tests  on  0%  Kaolinite  Mixtures 
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Figure  28.  Effect  of  Relative  Compaction  on  Stress-Strain 
Behavior  in  Consolidated-Undrained  (R)  Triaxial 
Tests  on  50%  Kaolinite  Mixtures 
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hardening  is  substantially  larger  for  the  100%  relative  compaction.  The  100%  relative 
compaction  specimen  also  exhibited  a  larger  amount  of  dilation.  It  can  also  be  seen  that 
the  10%  difference  in  the  relative  compaction  also  resulted  in  a  large  increase  in  the 
undrained  modulus  and  maximum  deviator  stress. 

68.  Figure  28  provides  a  comparison  of  the  stress-strain  curves  for  Standard  Proctor 
relative  compactions  of  85  and  100%  at  high  kaolinite  contents.  It  can  be  seen  that  the 
deviator  stress  and  pore  pressure  response  do  not  differ  significantly  for  these  relative 
compactions.  Therefore,  it  was  concluded  that  the  effect  of  relative  compaction  on  the 
undrained  response  is  very  small  when  the  kaolinite  content  is  greater  than  or  equal  to  30% 
and  very  large  when  the  kaolinite  is  10%  or  less.  This  result  was  also  observed  in  the 
consolidated-drained  triaxial  tests  and  could  have  a  large  impact  on  compaction 
specifications  for  silts  and  clayey-silts.  These  results  suggest  that  for  silts  with  clay  contents 
greater  than  or  equal  to  30%,  the  increase  in  strength  for  relative  compactions  greater  than 
90%  may  net  warrant  the  costs  associated  with  the  increased  compactive  effort. 

69.  Figure  26  presents  a  comparison  of  the  undrained  stress-strain  curves  for  low 
and  high  kaolinite  contents.  As  described  previously,  the  higher  the  kaolinite  or  clay 
content  the  weaker  and  more  ductile  the  stress-strain  behavior.  Based  on  these  results,  the 
undrained,  as  well  as  the  drained,  transition  point  between  sand  and  clay  behavior  appears 
to  occur  at  a  kaolinite  content  between  10  and  30%.  Therefore,  the  amount  of  clay  present 
will  determine  the  shear  characteristics  of  the  silt  and  thus  the  hyperbolic  and  shear 
strength  parameters. 

70.  Figure  29  illustrates  the  effect  of  effective  confining  pressure  on  the  stress-strain 
behavior  of  the  low  (0  and  10%)  kaolinite  mixtures.  It  can  be  seen  that  the  effective 
confining  pressures  ranged  from  6.1  to  16.6  tsf  and  the  pore  pressure  response  was  dilative 
for  all  of  the  tests.  Even  though  the  specimens  exhibited  dilation,  it  was  anticipated  that 
effective  confining  pressures  of  8  to  10  tsf  were  adequate  to  insure  a  normally-consolidated 
condition.  This  is  described  in  more  detail  in  paragraphs  53  and  54.  Figure  30  presents  the 
effect  of  effective  confining  pressure  on  the  stress-strain  behavior  of  the  high  (30  and  50%) 
kaolinite  mixtures.  It  can  be  seen  that  effective  confining  pressures  ranging  from  3.7  to 
13.3  tsf  all  of  the  tests  showed  a  positive  pore  pressure  response. 

71.  Table  8  presents  the  total  and  effective  stress  Mohr-Coulomb  strength 
parameters  from  the  consolidated-undrained  (R)  triaxial  tests.  The  failure  criteria  used  to 
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Figure  29.  Effect  of  Effective  Confining  Pressure  on  the 
Undrained  Stress-Strain  Behavior  of 
0%  Kaolinite  Mixtures 


Pore  Pressure, 


Consolidated-Undrained  Triaxial  Tests 


NOTES: 

1. )  Kao  =  Kaolinite 

2. )  NA  =  Not  Available 
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ob“,;n  the  total  stress  friction  angle  w.  s  the  deviator  stress  at  the  minimum  value  of  p'  on  a 
p'-q'  diagram.  It  should  be  noted  that  p'  is  the  sum  of  the  effective  principal  stresses,  i.e.a'j 
and  a'3,  divided  by  two  and  q'  is  the  deviator  stress  divided  by  two.  The  effective  stress 
friction  angle  was  obtained  from  the  best  fit  failure  envelope  on  the  p'-q'  diagram.  Test 
specimens  with  0%  kaolinite  and  a  relative  compaction  of  85%  could  not  be  obtained 
because  .he  sample  liquefied  during  compaction  due  to  the  high  water  content. 

17.  From  Table  8  it  can  be  seen  that  the  effective  stress  cohesion  for  all  the 
mixtures  was  zero.  This  also  indicates  that  the  test  specimens  were  normally  consolidated. 
The  effective  stress  friction  angle  ranged  from  37.5  degrees  for  the  0%  kaolinite  mixture  to 
25.5  degrees  for  the  50%  kaolinite  mixture.  As  expected  these  friction  angles  are  in 
excellent  agreement  with  the  effective  stress  friction  angles  obtained  from  the 
consolidated-drained  triaxial  tests,  see  Table  6. 

73.  The  total  stress  friction  angle  ranged  from  18.0  degrees  for  the  0%  kaolinite 
mixture  to  12.1  degrees  for  the  50%  kaolinite  mixture.  The  range  of  the  effective  stress 
friction  angle  was  12  degrees,  37.5  to  25.5  degrees,  which  is  approximately  two  times 
larger  than  the  5.9  degree  range  observed  in  the  total  stress  friction  angle.  However,  the 
total  stress  friction  angle  decreased  with  increasing  kaolinite  content  in  a  similar  pattern  as 
the  effective  stress  friction  angle.  It  can  also  be  seen  from  Table  8  that  the  effect  of 
relative  compaction  on  the  total  and  effective  stress  friction  angles  decreased  significantly 
as  the  kaolinite  content  increased.  As  observed  in  the  consolidated-drained  triaxial  test 
results,  the  effective  stress  friction  angles  for  the  low  (0  and  10%)  kaolinite  mixtures  are 
representative  of  a  sand  while  the  high  (30  and  50%)  kaolinite  mixtures  are  more 
representative  of  cohesive  soils.  Therefore,  the  drained  and  undrained  test  results  both 
indicate  that  the  transition  point  between  sand  and  clay  behavior  occurs  at  a  kaolinite 
content  between  10  and  30%. 

74.  Table  9  presents  the  hyperbolic  stress-strain  parameters  obtained  from  the 
undrained  triaxial  tests.  These  parameters  were  obtained  using  the  total  stress  friction 
angle  and  the  best  geometric  agreement  between  the  measured  and  hyperbolic  stress-strain 
curves.  Figure  31  presents  a  typical  comparison  of  the  actual  and  hyperbolic  stress-strain 
curves  for  the  high  kaolinite  mixtures.  Due  to  the  ductile  stress-strain  behavior  of  the  high 
kaolinite  mixtures,  the  hyperbolic  model  provides  an  excellent  representation  of  the  actual 
stress-strain  curve.  Since  the  test  specimens  were  undrained  during  shear,  there  was  no 
volume  change  during  shear.  Therefore,  t.  '<-  bulk  modulus  number  and  exponent  were  not 


Table  9  -  Total  Stress  Hyperbolic  Stress-Strain  Parameters  for  Kaolinite-Silt  Mixtures  from  Consolidated-Undrained  Triaxial  Tests 
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NOTES: 

1 . )  Kao  =  Kaolinite 

2. )  NA  =  Not  Available 
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Figure  31.  Comparison  of  Measured  and  Actual  Undrained 
Hyperbolic  Stress-Strain  Curves  for  the  30  and 
50%  Kaolinite  Mixtures 
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calculated  for  the  undrained  tests.  All  of  the  test  specimens  were  saturated,  i.e.  B-value 
greater  than  99.7%,  thus  poisson’s  ratio  can  be  assumed  to  be  approximately  0.5  for  these 
tests. 


75.  It  can  be  seen  from  Figure  32  that  the  geometric  matching  criterion  had  a  large 
influence  on  the  hyperbolic  parameters  for  the  low  kaolinite  mixtures.  It  can  be  seen  that 
the  hyperbolic  model  is  in  excellent  agreement  with  the  measured  data  for  axial  strains  less 
than  2%.  Since  the  hyperbolic  model  does  not  account  for  strain  hardening,  the  agreement 
at  axial  strains  greater  than  2%  is  poor.  However,  it  was  decided  that  modeling  the  initial 
portion  of  the  deviator  stress  curve  is  more  important  than  the  behavior  at  large  strains. 
Therefore,  the  hyperbolic  parameters  presented  in  Table  9  for  the  low  (0  and  10%) 
kaolinite  mixtures  should  only  be  used  for  small  strain  (less  than  5%)  problems. 

76.  In  summary,  Table  8  provides  an  excellent  database  of  the  total  and  effective 
stress  strength  parameters  for  normally  consolidated  silts  and  clayey-silts.  Table  9  provides 
a  database  of  total  stress  hyperbolic  parameters  for  the  various  kaolinite-silt  mixtures.  The 
hyperbolic  stress-strain  and  shear  strength  parameters  for  natural  silt  deposits  can  be 
estimated  from  Table  8  and  9  using  the  insitu  density  and  water  content.  It  should  be  noted 
that  the  hyperbolic  parameters  for  the  low  kaolinite  mixtures  only  model  the  actual 
deviator  stress  curve  at  axial  strains  less  than  5%.  Table  8  and  9  also  provide  an  insight  to 
the  effects  of  clay  content,  effective  confining  pressure,  and  soil  density  on  the  undrained 
response  of  normally  consolidated  silts  and  clayey-silts. 
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PART  VII:  MONTMORILLONITE-SILTTRIAXIAL  TEST  RESULTS 
Isotropically  Consolidated-Drained  Tests 

77.  It  can  be  seen  from  Table  2  that  10  isotropically  consolidated-drained  (S) 
triaxial  tests  were  performed  on  mixtures  of  montmorillonite  and  silt.  These  tests  were 
performed  to  investigate  the  effect  of  clay  mineralogy  on  the  transition  between  sand  and 
clay  behavior,  and  the  drained  strength  and  stress-strain  parameters.  Only  a  Standard 
Proctor  relative  compaction  of  100%  and  the  four  clay  percentages,  0,  10,  30,  and  50%, 
were  used.  Figure  33  presents  a  comparison  of  the  stress-strain  curves  for  the  low  (0  and 
10%)  montmorillonite  and  kaolinite  mixtures.  It  can  be  seen  that  the  kaolinite  mixtures 
exhibit  a  higher  modulus  and  shear  strength  than  the  montmorillonite  mixtures.  The 
montmorillonite  mixtures  exhibited  a  contractive  volume  change  behavior  while  the 
kaolinite  mixtures  were  dilative. 

78.  Figure  34  presents  a  comparison  of  the  stress-strain  curves  for  the  high  (30  and 
50%)  montmorillonite  and  kaolinite  mixtures.  It  can  be  seen  that  the  modulus  and 
strength  of  the  kaolinite-silt  mixtures  are  substantially  higher  than  the  montmorillonite-silt 
mixtures.  From  Figures  33  and  34  it  may  be  concluded  that  the  montmorillonite  has  a 
larger  influence  on  the  stress-strain  response  of  the  silt  than  kaolinite.  This  is  probably  due 
to  the  intrinsic  activity  and  mechanincal  properties  of  montmorillonite. 

79.  Table  10  presents  the  effective  stress  Mohr-Coulomb  strength  parameters 
obtained  from  the  consolidated-drained  triaxial  tests  on  the  montmorillonite-silt  mixtures. 
The  failure  criteria  used  to  obtain  these  parameters  is  the  maximum  deviator  stress  or  an 
axial  strain  of  20%.  It  can  be  seen  that  the  effective  stress  cohesion  measured  for  all  of  the 
montmorillonite-silt  mixtures  was  zero.  This  indicates  that  the  test  specimens  were  in  a 
normally  consolidated  condition  at  the  time  of  shearing. 

80.  From  Table  8  it  can  be  seen  that  the  effective  stress  friction  angle  ranged  from 
38.6  degrees  for  the  0%  montmorillonite  to  143  degrees  for  50%  montmorillonite  mixture. 
By  comparing  Tables  6  and  10  it  may  be  seen  that  the  effective  stress  friction  angle  for  the 
30  and  50%  montmorillonite  mixtures  are  substantially  lower  than  the  corresponding 
angles  for  the  kaolinite-silt  mixtures.  Mitchell  (1976)  reported  that  the  peak  effective 
stress  friction  angle  of  pure  montmorillonite  ranges  from  6  to  10  degrees.  Therefore,  the 
difference  in  the  friction  angle  between  the  montmorillonite  and  kaolinite  mixtures 
appears  to  be  due  to  the  montmcrillonite.  In  addition,  the  effective  stress  friction  angle  for 
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Figure  32.  Comparison  of  Measured  and  Actual  Undrained 
Hyperbolic  Stress-Strain  Curves  for  the  0  and 
10%  Kaolinite  Mixtures 


Figure  33.  Comparison  of  Drained  Stress-Strain  Behavior  for 
10%  Kaolinite  and  10%  Montmorillonite  Mixtures 
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the  10%  montmorillonite  mixture  is  1.5  degrees  lower  than  the  10%  kaolinite  mixture  even 
though  the  dry  density  and  water  content  of  these  mixtures  are  similar.  This  indicates  that 
the  montmorillonite  is  starting  to  control  the  behavior  of  the  mixture.  Therefore,  the 
transition  from  clay  to  sand  behavior  in  the  montmorillonite  mixtures  appears  to  be  at  or 
near  10%  while  the  kaolinite  transition  point  is  in  between  10  and  30%.  In  summary,  the 
engineering  behavior  of  silts  is  controlled  by  the  percentage  of  clay  and  the  clay  mineralogy 
present  in  the  silt. 

81.  Table  11  summarizes  the  hyperbolic  stress-strain  parameters  for  the 
montmorillonite-silt  mixtures.  By  comparing  Tables  7  and  11,  it  can  be  seen  that  the 
modulus  and  bulk  modulus  numbers  for  the  montmorillonite  mixtures  are  substantially 
lower  than  the  corresponding  kaolinite  mixtures.  In  addition,  the  hyperbolic  parameters 
also  indicate  that  the  transition  point  between  clay  and  sand  behavior  is  at  or  near  a 
montmorillonite  content  of  10%.  Tables  10  and  11  can  be  used  to  estimate  the  hyperbolic 
and  shear  strength  parameters  for  natural  silt  deposits  which  contain  montmorillonite, 
using  the  insitu  water  content  and  density. 
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PART  VIII:  INTERPRETATION  OF  TRIAXIAL  TEST  RESULTS 
Isotropically  Consolidated-Drained  Tests 

82.  Clough  and  Duncan  (1969)  present  drained  hyperbolic  stress-strain 
parameters  for  the  low  plasticity  silt,  Unified  Soil  Classification  symbol  of  ML,  in  the 
foundation  soils  at  Port  Allen  Lock.  It  should  be  noted  that  these  parameters  were 
obtained  from  consolidation  and  direct  shear  test  data  and  not  consolidated-drained  (S) 
triaxial  test  results.  However,  these  hyperbolic  stress-strain  parameters  provide  a  basis  for 
comparing  the  drained  parameters  obtained  during  this  study.  Clough  and  Duncan 
reported  a  modulus  number  of  330,  a  modulus  exponent  of  0.6,  a  failure  ratio  of  0.85,  and  a 
poisson’s  ratio  of  0.2  to  0.3  for  the  Port  Allen  Silt.  The  good  agreement  between  the 
measured  and  calculated  stresses  and  deformation  at  Port  Allen  Lock  suggest  that  these 
parameters  are  representative  of  the  silt  deposit. 

83.  The  silt  mixture  with  0%  kaolinite  also  classified  as  a  low  plasticity  silt,  i.e.  ML, 
and  was  used  for  the  comparison.  It  can  be  seen  from  Table  7  that  the  modulus  number 
and  exponent  were  174  and  1.0,  respectively,  for  a  relative  compaction  of  100%. 
Therefore,  the  modulus  number  is  approximately  1.9  times  smaller  than  the  value  reported 
by  Clough  and  Duncan.  There  are  several  explanations  for  this  discrepancy. 

84.  The  most  plausible  explanation  is  that  the  Port  Allen  silt  has  a  higher  density 
and  may  be  overconsolidated  due  to  the  natural  cementation  and/or  structure  of  the  silt. 
This  is  evident  by  comparing  the  modulus  exponents.  The  Port  Allen  silt  exhibited  a 
modulus  exponent  less  than  1.0  which  corresponds  to  an  overconsolidated  condition. 
Therefore,  it  was  concluded  that  the  large  difference  in  the  modulus  numbers  for  the 
kaolinite-silt  mixtures  and  the  Port  Allen  silt  must  be  due  to  the  natural  overconsolidation 
or  cementation  which  silts  and  clayey-silts  possess.  The  bluff  at  WES  from  which  the  silt 
samples  were  obtained,  stands  at  a  vertical  slope  as  do  many  of  the  loess  slopes  in  the  area. 
This  fact  does  not  correspond  with  the  hyperbolic  stress-strain  parameters  and  effective 
stress  friction  angles  which  were  measured  during  this  study.  Therefore,  the  natural 
cementation  and/or  soil  structure  of  the  loess  appears  to  result  in  a  much  higher  strength 
and  stiffness.  During  the  processing  of  the  silt,  all  of  the  cementation  and  structure  was 
destroyed.  Therefore,  the  measured  strength  and  hyperbolic  stress-strain  parameters  will 
probably  be  lower  than  those  back-calculated  from  field  measurements.  Future  studies  on 
the  behavior  of  silts  should  involve  the  testing  of  undisturbed  silt  and  clayey-silt  specimens 
to  quantify  the  effect  of  the  natural  cementation  and/or  structure  of  silts  on  the  hyperbolic 


stress-strain  and  Mohr-Coulomb  strength  parameters. 


85.  Therefore,  the  hyperbolic  stress-strain  and  Mohr-Coulomb  strength  parameters 
presented  herein  can  be  used  to  estimate  the  behavior  of  normally  consolidated  silts  and 
clayey-silt  deposits.  The  parameters  also  provide  an  insight  into  the  effects  of  clay  content, 
effective  confining  pressure,  and  soil  density  on  the  strength  and  hyperbolic  stress-strain 
parameters.  These  trends  can  be  used  to  estimate  or  verify  soil  parameters  for  a  wide 
range  of  densities,  clay  contents,  and  effective  stresses. 
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PART  IX:  SUMMARY 

86.  The  main  objective  of  this  research  was  to  characterize  the  drained  and 
undrained  stress-strain  behavior  of  normally  consolidated  silts  and  clayey-silts.  To  achieve 
this  objective,  extensive  drained  and  undrained  triaxial  tests  were  conducted  on  silt 
mixtures  with  varying  clay  contents.  The  percentages  of  clay  used  in  the  silt  mixtures  are  0, 
10,  30,  and  50%.  Manufactured  kaolinite  and  montmorillonite  were  mixed  with  the  silt  to 
investigate  the  effect  of  clay  mineralogy.  The  effect  of  density  on  the  stress-strain  behavior 
was  investigated  by  compacting  the  triaxial  test  specimens  at  Standard  Proctor  relative 
compactions  of  85,  90,  95,  and  100%.  The  main  conclusions  of  the  behavior  of  normally 
consolidated  silts  and  clayey-silts  are  summarized  below: 

1. )  The  shear  behavior  of  silt  is  controlled  by  the  percentage  of  clay  and  the  clay  mineral  in 

the  soil.  At  low  clay  contents  the  silt  exhibits  shear  characteristics  similar  to  a  sand 
and  at  high  clay  contents  the  shear  behavior  is  similar  to  a  clay.  The  transition  point 
from  sand  to  clay  behavior  is  also  a  function  of  the  clay  mineralogy  and  was  found  to 
be  between  10  and  30%  for  the  kaolinite-silt  mixtures  and  at  or  near  10%  for  the 
montmorillonite-silt  mixtures. 

2. )  The  effect  of  density  on  the  strength  and  stress-strain  parameters  decreased  as  the  clay 

content  increased.  At  a  low  clay  content  (0  and  10%),  increasing  the  Standard 
Proctor  relative  compaction  from  85  to  100%  resulted  in  a  substantial  increase  in  the 
shear  strength  and  hyperbolic  stress-strain  parameters.  However,  at  high  clay 
contents  (30  and  50%),  there  was  only  a  small  increase  in  the  shear  strength  and 
hyperbolic  stress-strain  parameters  when  the  relative  compaction  increased  from  85 
to  100%.  Therefore,  there  appears  to  be  little  benefit,  in  terms  of  strength  and 
stiffness,  of  specifying  a  field  relative  compaction  greater  than  90%  if  the  clay  content 
is  greater  than  or  equal  to  30%.  However,  the  test  results  suggest  that  the  volumetric 
strain  may  be  reduced  by  25%  if  the  relative  compaction  is  greater  than  90%. 

3. )  At  low  (0  and  10%)  clay  contents,  the  kaolinite-silt  mixtures  exhibited  dilation  even 

though  the  test  specimens  weie  normally  consolidated.  At  high  (30  and  50%)  clay 
contents,  the  volume  change  behavior  was  always  contractive.  Conversely,  the 
montmorillonite-silt  mixtures  all  exhibited  a  contractive  volume  change  behavior. 
Therefore,  the  volume  change  behavior  during  shear  was  a  function  of  the  clay 
content  and  the  clay  mineralogy. 
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4. )  Effective  confining  pressures  greater  than  8  to  10  tsf  were  usually  required  to  obtain  a 

normally  consolidated  condition. 

5. )  Total  stress  and  effective  stress  Mohr-Coulomb  strength  parameters  can  be  estimated 

for  normally  consolidated  silts  and  clayey-silts  using  the  insitu  water  content  and 
density  and  the  database  described  herein.  It  can  be  seen  from  Tables  6  and  10  that 
the  effective  stress  friction  angle  for  the  kaolinite-silt  mixtures  ranged  from  38.6  to 
25.5  and  from  38.6  to  14.3  for  the  montmorillonite-silt  mixtures.  The  effective  stress 
cohesion  was  measured  to  be  zero  for  all  of  the  mixtures.  This  also  indicates  that  the 
test  specimens  were  in  a  normally  consolidated  condition. 

6. )  Clay  mineralogy,  as  well  as  percentage  of  clay,  controls  the  shear  behavior  of  a  silt 

deposit.  The  more  active  the  clay  mineral,  the  lower  the  modulus  and  shear  strength 
of  the  silt.  In  addition,  increasing  the  activity  reduces  the  percentage  of  clay  required 
to  reach  the  transition  point  between  sand  and  clay  behavior. 

7. )  Tables  6  through  11  can  be  used  to  estimate  the  shear  strength  and  hyperbolic 

parameters  of  normally  consolidated  silts  and  clayey-silts  using  the  insitu  water 
content  and  density. 
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APPENDIX  A 

Isotropically  Consolidated-Drained  Triaxial  Test  Results  on  Kaolinite-Silt 

Mixtures 


Figure  A- 10.  CD  Triaxial  Test  Results  for  0%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  90%  and  an  Effective  Confining  Pressure  of  95 1  kPa. 


Figure  A-l  1.  CD  Triaxial  Test  Results  for  0 %  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  90%  and  an  Effective  Confining  Pressure  of  1222  kPa. 


Figure  A- 14.  CD  Triaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  100%  and  an  Effective  Confining  Pressure  of  937  kPa. 
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Figure  A-24.  CD  Triaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  90%  and  an  Effective  Confining  Pressure  of  1 183  kPa. 
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Figure  A-26.  CD  Triaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  90%  and  an  Effective  Confining  Pressure  of  1474  kPa. 
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Figure  A-27.  CD  Triaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  85%  and  an  Effective  Confining  Pressure  of  293  kPa. 


Figure  A-30.  CD  Triaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  85%  and  an  Effective  Confining  Pressure  of  1389  kPa. 


Figure  A-32.  CD  Triaxial  Test  Results  for  30%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  100%  and  an  Effective  Confining  Pressure  of  1683  kPa. 
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Figure  A-40.  CD  Triaxial  Test  Results  for  30%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  90%  and  an  Effective  Confining  Pressure  of  687  kPa. 


Figure  A-44.  CD  Triaxial  Test  Results  for  30%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  85%  and  an  Effective  Confining  Pressure  of  1654  kPa. 


Figure  A-45.  CD  Triaxial  Test  Results  for  50%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  100%  and  an  Effective  Confining  Pressure  of  882  kPa. 


Figure  A-47.  CD  Triaxial  Test  Results  for  50%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  100%  and  an  Effective  Confining  Pressure  of  1667  kPa. 
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Figure  A-53.  CD  Triaxial  Test  Results  for  50%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  90%  and  an  Effective  Confining  Pressure  of  961  kPa. 
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Figure  A-54.  CD  Triaxial  Test  Results  for  50%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  85%  and  an  Effective  Confining  Pressure  of  339  kPa. 


Figure  A-55.  CD  Triaxial  Test  Results  for  50%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  85%  and  an  Effective  Confining  Pressure  of  550  kPa. 
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Figure  A-56.  CD  Triaxial  Test  Results  for  50%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  85%  and  an  Effective  Confining  Pressure  of  893  kPa. 
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APPENDIX  B 

Isotropically  Consolidated-Undrained  Triaxial  Test  Results  on  Kaolinite-Silt 

Mixtures 
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Figure  B-10.  CU  TriaxiaJ  Test  Results  for  0%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  95%  and  an  Effective  Confining  Pressure  of  1590  kPa. 


Figure  B-13.  CU  Triaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  100%  and  an  Effective  Confining  Pressure  of  1318  kPa. 


Figure  B-15.  CU  Triaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  100%  and  an  Effective  Confining  Pressure  of  1618  kPa. 


Figure  B-17.  CU  Triaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  95%  and  an  Effective  Confining  Pressure  of  1275  kPa. 


a  1000  1 - 1 

0  2  4  6  8  10  12  14  16  18  20 

Axial  Strain,  % 

2000 

1800 

1600 

1400 

q 

1200 

k  1000 

p  800 
a 

600 
400 
200 
0 

0  500  1000  1500  2000  2500  3000  3500 

p',  kPa 

Figure  B-18.  CU  Triaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  95%  and  an  Effective  Confining  Pressure  of  1565  kPa. 
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Figure  B-20.  CU  Tnaxial  Test  Results  for  10%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  90%  and  an  Effective  Confining  Pressure  of  1 177  kPa. 
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Figure  B-26.  CU  Triaxial  Test  Results  for  30%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  100%  and  an  Effective  Confining  Pressure  of  885  kPa. 
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Figure  B-27.  CU  Triaxiai  Test  Results  for  30%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  100%  and  an  Effective  Confining  Pressure  of  1282  kPa. 
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Figure  B-28.  CU  Triaxial  Test  Results  for  30%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  100%  and  an  Effective  Confining  Pressure  of  1472  kPa. 


Figure  B-30.  CU  Triaxial  Test  Results  for  30%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  95%  and  an  Effective  Confining  Pressure  of  840  kPa. 


Figure  B-33.  CU  Triaxial  Test  Results  for  30%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  90%  and  an  Effective  Confii  Jng  Pressure  of  885  kPa. 
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Figure  B-44.  CU  Triaxial  Test  Results  for  50%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  95%  and  an  Effective  Confining  Pressure  of  1473  kPa 
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Figure  B-47.  CU  Triaxial  Test  Results  for  50%  Kaolinite  Mixture  at  a  Standard  Proctor 

Relative  Compaction  of  90%  and  an  Effective  Confining  Pressure  of  1274  kPa. 
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Figure  B-49. 
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APPENDIX  C 

Isotropically  Consolidated-Drained  Triaxial  Test  Results  on  Montmorillonite- 

Silt  Mixtures 
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Figure  C-l. 


